Silicon on sapphire wafer pairs are formed by direct wafer bonding of 3-in. silicon and sapphire wafers. Subsequent annealing commonly used to increase the bond energy imposes serious thermomechanical strain. The corresponding bending, recorded in situ as a function of temperature, reveals relaxations by de-and rebonding until the silicon wafer cracks into small fragments that mostly remain bonded. After further annealing up to 800°C and cooling to room temperature, a strong curvature of the fragments indicates a frozen-in high temperature bond state with elastic energies around 100 J/m 2 . Cross-sectional transmission electron microscopy of the interface reveals an amorphous intermediate layer the thickness of which considerably increases with increasing the oxygen partial pressure during annealing. © 1997 American Institute of Physics.
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Direct wafer bonding ͑DWB͒ is a versatile technique to join similar or dissimilar solid materials without any glue.
1,2
Two mirror-polished, well-cleaned wafer surfaces are brought into contact to start initial bonding at room temperature ͑RT͒. Subsequent annealing is commonly used to increase the bond energy. DWB is able to produce a welldefined, atomically sharp interface between various materials independent of their orientation and lattice mismatch. This interface can be subjected to further thin-film processing after back thinning one side of the bonded wafer pair. Hence DWB is an alternative technique to epitaxial film growth in various respects. It is increasingly used for fabricating electronic components, 3, 4 small sensors and actuators, 5 and optical components, among them cavity surface emitting lasers 6 and optical waveguides. 7 Because of the wide use of silicon on insulator materials, DWB has become a commercial technology to fabricate Si/SiO 2 layers on Si wafers in cases where well-defined interfaces are essential for enhanced device properties. Similarly, the silicon on sapphire ͑SOS͒ technology, usually based on epitaxial growth of Si on sapphire, can profit from DWB, but in this case the large difference in the coefficient of thermal expansion ͑⌬␣ϭ3.6-5 ϫ10 Ϫ6 /°C from RT to 800°C͒ leads to large strains during heating or cooling the bonded wafer pair. To avoid irreversible changes by thermal strains, heating has to be limited to about 300°C where Cha 8 achieved a bond energy of 4 J/m 2 after a long-time anneal for 4 in. SOS wafer pairs. For standard applications, thinning the Si wafer down to some m or less relaxes the problem of cracking considerably. 9, 10 Since the occurrence of thermal strains is fundamental for DWB of disimilar materials, the present study of the Si/sapphire system was undertaken to follow the development of thermal strains and various relaxation phenomena 11 and to determine the ultimate bond energies which can be achieved.
Three-in.-diam ϫ340-m-thick Si wafers of ͑111͒ or ͑100͒ orientation were bonded to 3 in.ϫ410-m-thick r-cut sapphire wafers at room temperature in a microcleanroom setup. 12 Before bonding, the wafers were slightly repolished and cleaned by rinsing in purified water. After bonding, only occasionally some voids of mm size were found within the 3-in.-diam area. The initial bond energy, determined by the crack opening method, 13 increases during storage. After storage of more than 500 h energies ranging from 0.2 to 0.7 J/m 2 were observed. Comparing to the bonding of two identical Si wafers, the observed SOS bond energy is quite high ͑typical surface energies of Si-Si are 0.1-0.2 J/m 2 ͒. The bond energy further increases by long-time anneals at 100 or 200°C and saturates after several hours as shown in Fig. 1 .
To study in situ the thermal strains as well as relaxation phenomena, the bonded wafer pair was subjected to temperature cycles from RT up to 400°C. The bending versus temperature during a typical cycle is shown in Fig. 2 . The initial smooth increase of curvature becomes apparently serrated above 120°C until the curvature suddenly and completely relaxes at 325°C. This kind of relaxation is known as spontaneous debonding, sliding, and rebonding. 8, 11 Without relaxation, a curvature of 2.9 m Ϫ1 at 400°C is expected from the elastic theory of bimetal bending. This expected elastic behavior is approximately achieved after rebonding between 325 and 360°C. During further heating the curvature starts to decrease. This relaxation is attributed to cracking of the Si ͑which is under tension͒ as shown below. On subsequent cooling, the curvature reverses as expected, but below about 220°C remarkable serrations occur. They seem to result from the fragmented Si side as it is compressed during cooling since the bending state has relaxed at elevated temperatures. An optical setup was used to follow the bending and cracking by a video camera. At 325°C, the time interval of the sudden, complete relaxation of bonding turned out to be about 50 ms. The result of the cracking observed near 360°C is shown in Fig. 3 . The nearly straight cracks form sequentially in the Si, probably the longer ones appear first while shorter ones develop subsequently. The Si fragments are of some 10 mm 2 in size. They mostly remained bonded to the sapphire wafer which did not show any damage.
The cracked SOS wafer pairs were further annealed at 800°C for 12 h in air or argon. Subsequent inspection reveals occasional, curved cracks in the sapphire and, more interestingly, a considerable bending of each Si fragment bonded to sapphire ͑Si side convex as expected from the lower shrinkage of Si during cooling͒. Profilometry of the individual fragments reveals a high curvature of 1/R ϭ4.2-5.4 m Ϫ1 quite uniform at all bonded fragments. Further correlations can be made on using the elastic theory of bimetal thermal bending ͑for simplicity, biaxial uniform bending, isotropic elastic constants with Poisson's ratio ϭ1/4 and temperature-dependent thermal expansion as given above are supposed͒. Thus the measured curvature can be used to calculate both the stored elastic energy E per area of the interface as well as a temperature T 0 attributed to zero curvature. For the highly bent fragments, T 0 ϭ550-650°C is obtained. Around this temperature the relaxed bond state of the fragments should have been frozen in. The elastic energy E, which is proportional to 1/R 2 , is obtained as high as 80-140 J/m 2 for the fragments. E has been considered to indicate a lower limit of the bond energy achieved since lower bond energies would allow the curvature to relax. 
